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ABSTRACT
PARAMETRIC STUDY OF A FUEL CELL
PLUG-IN HYBRID ELECTRIC VEHICLE POWERTRAIN
Krishnateja Yadlapati, M. S.
Department of Mechanical Engineering
Northern Illinois University, 2016
Pradip Majumdar, Co-Director
Kevin B. Martin, Co-Director

Fuel cell plug-in hybrid electric vehicles (FC PHEVs) have the potential to significantly
decrease greenhouse gas emissions while providing similar or increased range and fuel economy
compared to traditional vehicles. Plug-in hybrid electric vehicles also potentially provide a
method to manage excess power production from intermittent renewable electricity sources. The
performance of the FC PHEV depends on the component specifications and control strategy
utilized. This thesis focuses on a parametric simulation study to determine the fuel economy for
various parameters and drive cycles such as urban dynamometer driving schedule (UDDS), the
highway fuel economy test cycle (HWFET), and SAE J1711. The effects of ambient temperature
and relative humidity, rated fuel cell power and energy storage system (ESS) capacity over the
fuel economy of the vehicle were analyzed. The rated fuel cell power was found to have the
highest impact on fuel economy due to a change in operational efficiency at the average required
power. For comparison, a series fuel cell hybrid electric vehicle (FC HEV) was simulated over
the same rated fuel cell power range. The lowest rated fuel power considered resulted in the
highest fuel economy for a FC PHEV. Although for a FC HEV, the same behavior does not take
place due to the relatively small capacity of the ESS.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

The transportation and electricity generation sectors together produce the majority of
worldwide greenhouse gases emissions which is linked to climate change. Over the last decade a
debate has been going on how to reduce the emissions of CO2, SO2 and NOx using renewable
energy [1]. The main issue with renewable energy is that it is intermittent [2]. Due to the
intermittency of most renewable energy technologies, either energy storage or secondary
dispatchable energy production must be included into the grid. The inclusion of high penetration
rates of renewable energy can also result in congestion in the electrical grid. Currently, there is a
focus on transmission of renewable energy so that it can be treated as a reliable source [3]. If grid
stability concerns can be addressed, the higher utilization of renewable energy will decrease
greenhouse emissions [4]. Interest in clean energy technologies, such as fuel cells, solar, wind,
biofuels, hydrogen, and geothermal have been growing in recent years. This interest has led to
the concept of a plug-in hybrid electric vehicle (PHEV) in order to partially address issues with
renewable energy [2].
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1.2 Literature Review

Researchers are expecting plug-in hybrid electric vehicles (PHEV) to balance the
fluctuation of renewable energy sources because of the availability of mobile battery storage and
control mechanism for load management. PHEVs provide high power to energy ratio and
provide high interconnected power when compared to others [3]. The introduction of PHEVs can
utilize the vehicle’s residual energy stored within the battery pack for load shifting. But the
drawback is the driving behavior that restricts the usage of mobile storage. It uses a high amount
of energy from the battery, which reduces the time period available for load shifting or vehicle to
grid spaces. Hence PHEVs can be used only for a short duration. The intermittency of these
renewable energy sources depends on the power they use to generate electricity, like wind power
that depends on the location, solar power, and negative residual load used for load shifting [3].
Fuel cells are the new technology that is being considered as the premier source because
of its merits, like no greenhouse gas emissions, low operating temperature, and most importantly,
high efficiency [5]. Many automotive organizations have developed prototypes, and their efforts
have paid off. In the present day, Proton Exchange Membrane Fuel Cell (PEMFC) still faces a
challenge because of their life span and durability [5]. The life span of the fuel cell can be
increased by operating it under steady state conditions. Working under steady state conditions
can be done by hybridizing the fuel cell with energy storage systems (ESS). Batteries, super
capacitors, or a combination of both can be used as an ESS. Consumption of hydrogen is one of
the important parameters that affect the performance of the vehicle; this is where storing of the
energy becomes crucial. Not only storing, but also recycling the energy from braking is also
important [1]. Because of the advanced battery charging techniques, PHEV technology is very
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effective by storing the power to use it later to meet power demands, thereby decreasing fuel
consumption [5].

1.3 Objective

The objective of this thesis is to determine the combined fuel economy of the series FC
PHEV by doing a parametric analysis. This was done by conducting simulations over the
seasonally data collected from four locations. The parametric analysis involved the variation of
temperature, rated fuel cell power, and energy storage system capacities (ESS). The combined
fuel economy of the FC HEV and FC PHEV for various fuel cell rated powers in order to
investigate the its effect on fuel economy. Finally, the effects of ESS capacity, in the form of a
lithium ion battery pack, on fuel economy are compared to fuel cell capacity.

CHAPTER 2
VEHICLE DRIVE TRAIN AND PROPULSION ARCHITECTURE

2.1 Hybrid Power train

The typical PHEV consists of the PEMFC and a battery with a direct current/alternating
current (DC/AC) converter that are connected to the motor. The energy required to drive the
vehicle is given by the motor, where the fuel cell and battery together meet the requirements [5].
There are several types of hybrid power trains including series, parallel, and power split. These
can be differentiated by the positioning of the fuel cell and battery and how they are integrated
into the power train. The fuel cell and or the battery supply power to a DC/AC converter, after
which the power is sent to the electric traction motor and then supplied to the differential of the
vehicle.

2.1.1 Series Power Train

The concept of a series hybrid electric drive train was developed from the electric vehicle
drive train. It has at least two energy sources, such as an internal combustion engine (ICE) and a
battery pack [6] The vehicle is powered by a traction motor that is powered by a battery pack,
engine or generator unit. For a series HEV powertrain, the power from the battery and the engine
are merged into a power before being sent to the electric traction motor [6]. Regenerative
braking generated by the traction motor aids in increasing the state of charge (SOC) of the
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battery pack. Vehicle speed can be independent of the engine power and its operations region.
Most fuel cell hybrid vehicles are designed with a series configuration
with the FC replacing the ICE (see Figure 1). The performance of the vehicle such as
acceleration, gradeability, and speed depends on the size of the traction motor, assuming the fuel
cell and ESS are able to supply the requested power [6-7].

Figure 1. Architecture of series hybrid electric vehicle.
2.1.2 Parallel Configuration

In a parallel PHEV, a mechanical linkage exists between the ICE and the wheels with
additional power provided by an electric motor. The power from both sources is directly sent to
the wheels [6] (see Figure 2). Thus, the ICE and the electric motor run in two parallel paths
where the engine is ON most of the time in the parallel configuration. The parallel configuration
makes use of primary and secondary sources individually to drive a vehicle. This configuration is
different from the series hybrid powertrain because coupling takes place between the engine and
battery to drive the wheels through transmission gears [7]. Each source can be controlled
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separately but cannot be controlled together, as they are linked together with a fixed power
conversation constraint [6]. Torque coupling is caused by an ICE where it directly provides
power to the wheels without any generator, as in series PHEV. The traction motor is only used to
convert the battery’s electrical energy to mechanical energy and is typically sized to only provide
additional acceleration and very low speed driving [7].
There are many advantages of a parallel HEV over Series PHEV powertrain. In a parallel
powertrain, direct transmission of power takes place without changing any energy conversion,
which avoids power loss. It is very compact because it lacks a generator and has a small motor
[6]. Overall weight of the powertrain is reduced, which can improve the drivability. Though it
has many advantages, there are a few drawbacks for the configuration. The engine must provide
the required power as the electric traction motor is able to provide sufficient torque to
independently drive the vehicle. The speed and torque cannot be controlled independently, as
they are mechanically coupled.

Figure 2. Architecture of parallel hybrid electric vehicle.
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2.1.3 Power Split Configuration

The power split drive train has more advantages over other drivetrain architectures that
combine series and parallel configurations for effective functionality. As in the series
configuration, the engine can be operated at its desired torque-speed region irrespective of the
speed and torque of the vehicle. This configuration uses planetary gears and electric trans motors
for speed coupling and uses clutch and transmission to supply the engine power to its sun gears
and ring gears (where torque is applied in a planetary gear unit). In simple terms, the planetary
gear is used to split the engine and electric motor power to the wheels. This split depends on the
designed control strategy, whether it is operated in single mode or dual mode. Each of the modes
has different advantages where the electric machine size is reduced in dual mode, as the engine is
controlled by the motor. The ICE is used to charge the battery as well as to drive the wheels.
Series-parallel configuration is a very complex configuration. Vehicles like the Toyota Prius
hybrid and the Ford Escape hybrid use this type of configuration.

Figure 3. Architecture of power split hybrid electric vehicle.
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2.2 Plug-in Hybrid Electric Vehicle

PHEV provides a storage mechanism for renewable electricity, and emissions are reduced
compared to other vehicle types. Because of its advantages when compared to normal vehicles
today, PHEV can be used more than the normal vehicles [4]. Many universities have been
conducting experiments on the vehicles and their propulsion systems. There are many ideas like
using a battery electric vehicle (BEV) like PHEVs. There are two major problems with electrical
mobility; one is the sustainable power generation. BEVs help only help when electricity is used
for charging to decrease CO2 emissions. The other problem is the low energy densities of current
battery technologies, resulting in a limited range, unlike the conventional vehicles, in terms of
acceleration and maximum speed [8]. Another issue for BEV is fuel charging. In present day
scenarios the charging of the BEVs takes several hours, which is not helpful, as there are no
charging stations to date, which calls for large power demands. PHEVs are advantageous in this
perspective due to their ability to charge on the grid [8]. On the whole, PHEVs are preferred
because BEVs have high prices, limited range, and long charge times. PHEV consists of a
battery pack and a fuel cell stack.
The performance of the PHEV mainly depends on two factors: one is size of the
component during the design stage and the other is the control strategy that is applied to them.
The first one determines the maximum performance of the vehicle, and the next one determines
the real time road performance of the vehicle. Many of the vehicles are employed with Li-ion
batteries because of the increased safety, high specific power/energy ratio and long cycle times.
The performance of the vehicle depends on the control strategy that is applied to the fuel
consumption along with the battery to aid it. The consumption of H2 is also key because a few
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countries are trying to produce hydrogen from the wind farms located away from the city [1].
But the real concern is how to transmit hydrogen that is produced to the refilling stations just like
gasoline. On the other hand, control strategies for hybrid electric vehicles are usually aimed at
several simultaneous objectives. The primary one is usually minimization of the vehicle fuel
consumption, while also attempting to minimize engine emissions and maintaining or enhancing
drivability [9]. To meet all the required demands and to reduce the carbon emissions and the cost
of the vehicle has turned out to be a challenging task. Different energy management strategies
are available. The popular strategies for plug in vehicles are a blended strategy that has two parts.
Charge depleting (CD) is the first stage and charge sustaining (CS) is the second stage. We have
to discuss the theoretical model of the power train that is being employed in the PHEV. The
objective of the blended strategy is to minimize operating costs. The CDCS principle is used in
most of the power trains because it is easier to implement, which makes it more widely used in
practice [1]. When compared to the extended range electric vehicle (EREV), the fuel cell is not
given much importance in the charge depleting stage, which is explained later. The state of
charge is used up until it reaches the minimum level of the battery in the charge depleting stage,
and then the fuel cell helps in propelling the vehicle in the charge sustaining mode [4].

2.3 Control Strategy

The control strategy determines the life of the PHEVs. Control strategies can be different
based on the objectives that are required. There are different types of hybrid power trains. They
are series, parallel, and power split configurations. Depending on the drive cycle of the automobile,
control strategy is set.
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2.3.1 Blended Strategy

Splitting the power between the two sources (battery and fuel cell) is a major task that the
engineers are now facing [1]. A blended strategy is used in the PHEV and is developed to
optimize the power flow between the PEMFC and the battery stack [5]. SOC plays a key role in
the blended strategy, which accounts for the performance of the vehicle. SOC comes from the
battery pack and is calculated by associating the current and battery pack in the battery
management system [5]. The strategy can be divided into two parts. One is CD stage and the
other is CS. In the CD mode, the vehicle either runs in the battery mode or in the hybrid mode. In
CS mode the vehicle is made to run in the hybrid mode. We can assume that the fuel cell system
is turned off and the hybrid power train works in the battery mode in the CD stage [1]. The
image below is an example of the charge depletion and CS using the SOC from the battery pack
(see Figure 4). The vehicle first operates in battery mode and then it takes the help of fuel cell in
CS mode. SOC0 is the maximum SOC that can be obtained from the battery pack, which drops to
SOC min. PHEV switches to the CS mode when it reaches to SOC min. During the CD stage Pfc
(Power of fuel cell) =0, during the CS stage calculations are employed to obtain Pfc using mH2, P
battery and

heating values of hydrogen. Calculations will vary from model to model, size of the

components, and the conditions in which the vehicle is operated [5].
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Figure 4. Blended strategy involving CD and CS

Figure 5. EREV
Figure 4 is the blended strategy in whichthe vehicle is propelled by using the energy from
both the fuel cell and ESS together. This is generally found in PHEVs. A blended control strategy
is used throughout the CD stage. In EREV,thereis an aggressive use of ESS in charge depleting
range. In this stage, less energy is utilized from a fuel cell. Typically 100-70% of ESS is used, and
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the rest, 0-30%, is the fuel cell. In Figure 5 the dotted line indicates the constant power being taken
from the fuel cell. The crests and troughs in the CS range are due to the acceleration and braking
of the vehicle, which are managed by the battery pack of the vehicle.
2.3.2 Variable Speed Strategy

The fuel cell is allowed to operate to achieve at its most efficent speed rather than the
drive cycle speed. This can be achieved using an electrical variable transmission. It can been
seen in series configuration. For a given power requirement, the optimal power speed line
identifies the maximum efficiency that a fuel cell can be operated at. Parameters like torque and
speed are given where power is checked, and then the torque and speed are changed without
changing the power, so the best performance is achieved [10]. Figure 6 shows the system
efficiency compared to normalized pemfc power.

Figure 6. Normalized PEMFC power vs. system efficiency
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Vehicle auxiliary power is another factor in which the energy losses have to be
minimized. There are many auxiliary devices that absorb a lot of energy like wipers, lighting
systems, stereo, and heating and cooling systems to name a few. As mentioned above,
consumption of hydrogen is key here; we unknowingly lose the energy where the performance of
the vehicle is affected. According to Xu, (2013) when auxiliary power grows from 2 kW
(without air condition) to 12 kW (with air condition), hydrogen consumption increases by 30%.
Braking energy is another factor that greatly affects hydrogen consumption [1].

2.4 Optimal Sizing Methodology

Hybrid electric vehicles (HEV) encompass two or more energy storage sources and
associated energy converters [11]. Most typically, the architecture of these vehicles includes an
internal combustion engine (ICE) with an associated fuel tank and an electric machine with its
associated battery system. Regardless of the topology of these components, the essence of the
HEV control problem is the instantaneous management of the power flows from both (or more)
devices to achieve the overall control objectives. Some important characteristics of this generic
problem are that the control objectives are mostly integral in nature, fuel consumption and
emission per mile of travel, or semi-local in time like drivability, while the control actions are
local in time. Furthermore, the control objectives are often subject to integral constraints, such as
nominally maintaining the battery state-of-charge in charge-sustaining hybrids [11].
The optimal sizing is the design of the fuel cell and the battery hybrid power train that
meet the requirements while minimizing the cost function at the same time [1]. The requirements
would be maximum speed, optimal consumption of the fuel, and durability. These are dependent
on other factors like maximum power, efficiency of the system, and auxiliary power [1]. Because

14

of the additional ability to store energy from the grid using large capacity batteries, PHEVs can
be propelled for short distance trips, aiding in reducing greenhouse gas emissions [12]. PHEVs
are generally limited in range because the electrochemical energy is lower than the mass-specific
energy and cost-specific energy [13]. The battery and driving habits of the vehicle owner relate
to the extent to which this can be practically achieved [12]. There is always a question about the
tradeoff between the fuel economy and battery size. This optimal sizing is very crucial because
of the varying price of components and energy, along with the driving patterns. The battery size
is always determined for different goals. It might be set for minimum net life cycle cost or to
reduce the greenhouse gas emissions ([12,14]). According to Murgovski, which deals with the
work done in public transportation, “the optimal sizing of energy power rating and energy
capacity is dependent on the drive cycle and the architecture of the vehicle” [18]. Different
battery sizes give different desired outputs. Optimum battery size gives a lower minimum cost
target, but the greenhouse gas emissions do not go down. When the battery size is increased, the
greenhouse gas emissions go down, but the cost goes up because the battery cost is higher [14].
In the CS hybrid case, the amount of energy that can be recuperated when the vehicle decelerates
will be determined by the peak power that is set [15].
Sizing of the battery is key because the size of the battery determines different outputs.
The capacities of the battery also help in the amount of energy consumption and curb weight,
which helps in determining the all-electric range (AER). Battery size creates multiple issues like
technical specifications and cost of the PHEV. For HEV, the battery back should be low because
it affects vehicle mass and volume due to low energy density. An automobile manufacturer says
it cannot go beyond 20% of vehicle mass [16]. Whatever battery size, the technical architecture
of the vehicle might affect the performance of the electric range of the vehicle, which is
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definitely affected by the driving behavior of the user [12, 14]. The motor has to have a high
torque, low mass for high acceleration, and high efficiency for improved range [16]. Efficiency
plays a major role in series HEV because all the energy flows through the motor [16]. The
important phase is to come up with different simulations or different practical experiments like
running the vehicle within those limits for a considerable amount of time. Once the results are
available from simulations, one has to calculate every factor using different techniques, like
linear programming or dynamic programming, to find the optimal solution. In Yong-gi Kim’s,
(2009) study the dynamic programming technique was used in the global optimization problem
[17]. But to make those results feasible, the local optimization method was used to identify the
equivalent energy consumption by the equivalent fuel consumption so that it could be made
drivable under different situations. Local optimization gives the ideal outputs at a discrete point
in current time, whereas global optimization looks for globally optimized solutions that cannot
be determined for an instant point in time [17]. Using the mentioned techniques, the optimal
patterns were found, such as the minimum fuel consumption. Typical decision variables are
maximum velocity, maximum power, life span of the fuel cell, and the consumption of fuel [1].
The cost function should be minimized and maximum power and maximum velocity functions
should be maximized. The optimal operation patterns, including the operating status, energy flow
rates, and stored energy of the system components, are determined to minimize the primary
energy consumption subject to the constraints of the system components, including the daily
start–stop operation. One of the interesting developments showed in [18] is how to recharge the
PHEV bus they used for public transportation. It shows the possible way of installing charging
stations on the bus lines.
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2.5 Intermittent Energy

The variability in power generation depends on the variability of the renewable source:
sunlight or wind. Wind power is most successful in generating hydrogen. Most of the renewable
energy now comes from wind power, hydro power, geothermal and solar [2]. Few renewable
energy sources depend on the location. The operational properties of the installation that converts
the renewable source to electricity also plays a role. The properties may be unable to function
under certain circumstances, such as wind turbines that switch off in case of very high wind
speeds [19]. The biggest issue today is how to supply the electricity to make it continuous rather
than intermittent. There are ways to keep the energy continuous like stabilizing the grid and
using the hydrogen to reduce the discontinuities [19]. Hydrogen is considered to be one of the
renewable sources that can be used to refine the electricity problems.
Grids are being the next crucial thing once power is there to supply. The grid is the
intellectual electricity network that can reduce peaks in power ranges, encourage manufacturers
to produce smart appliances to reduce energy use, and prevent power blackouts by isolating
disturbances in the grid. There are different models that can be applied to the grid to reduce
disturbances in the grid [20]. Today the electrical grid is being transformed into a smart grid that
couples physical electrical power generation, transmission, distribution, and delivery with an
advanced communication infrastructure that enables provision of several new types of services
associated with electrical management and delivery [21]. Integration of distributed renewable
energy generators has a great impact on the grid and, therefore, calls for a new grid infrastructure
[20]. Integrating the high fluctuating power generation into the electric system should have
flexible power plants, storage, and power distribution through a reliable power grid and grid
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flexibility on the demand side [3]. A smart grid depends on solar energy, wind energy, and fossil
fuels. Wind power depends on the cut in and cut out velocities of the turbine, the length of the
blade, and density of the air. The solar power depends on the temperature, function of diode
saturated current, and resistances. Different models have been used in different papers to achieve
different solutions. A few simulation software systems have come up with pollutant emission
costs, grid stability, or dynamic power demands, but there is no one simulation software that has
come up with all of the parameters. Different values of pollutant emissions are used to analyze
the effects of pollutant emission costs, which is the main motive for employing renewable energy
generation. Most suitable generation is dynamically scheduled based on intermittent renewable
energy power, dynamic power demands, utility costs, reliability, and pollution emissions [20].
Sometimes avoiding peaks in the total power load can also cause peaks in distribution electricity
networks. A strong or sudden increase in power generation, for example wind generation, can
cause additional power in the distribution energy level. To avoid flooded power, a variable grid
or a flexible grid should be used.
Energy systems based on 100% renewable energy can be essential for mitigation of
climate changed sustainable growth. Energy storage is essential to meet the power demand in
both peak and off peak times. There are two factors for selecting storage devices; one is to
withstand all alone without depending on any other energy source, while the other is to provide
continuous energy, even if it is intermittent. There are different electricity storage systems.
Typically, they can be mechanical, electrical or chemical [22].
Mechanically, the three methods of storage are pumped hydroelectric storage,
compressed air storage, and flywheels. Pumped hydroelectricity is most widely used for storage
and load balancing, but there are strict rules about using water in power generation, geographical
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sites where the hydroelectric storage is possible, otherwise it is not helpful and mere waste.
Compressors are not economically feasible because they require large volumes at high pressure
technically. Flywheel has its own pros and cons and is highly efficient, but at the same time, the
self-discharging time is around 20% [22]. Electrically the energy storage can be done in
capacitors and magnetic energy storage. Self-discharge rates of these devices are higher than the
batteries, which hinders their long term storage [22].
Chemically, the energy can be stored either in batteries or hydrogen. Numerous batteries
are available in the present world, but when it comes to selection, it narrows down to the
chemical material; there is energy density and density rate. Hydrogen is important for storing
energy because there is no self-discharge problem, which is associated with batteries and
flywheel [22].
Once the power requirement is known, the size of the fuel cell can be determined. Battery
and inverter sizes can be chosen depending on peak electricity demand. The cost of a FC system
includes the cost of electrolyzers and hydrogen storage tanks. Depending on the power output,
the hydrogen can be stored at a certain pressure of 0.4 MPa, unless it is not harmful to causing an
explosion. Load response should be very quick, ranging from milliseconds to micro seconds.
Depending on the equipment used, the risk factors also should be calculated and the measures
should be taken. The costs and probability of risk should be evaluated [22].

2.5.1 Hydrogen

To achieve optimized results, the fuel storage is important. The fuel used in fuel cells is
hydrogen; as hydrogen occupies a lot of volume, the storage tank capacity plays a vital role in
the efficiency of the vehicle. Several options are being considered to store adequate amounts of
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hydrogen onboard fuel cell vehicles. In the short term, compressed gas storage is the economy
option where the cost of the tank still need to be reduced. The hydrogen tank should be designed
in such a manner so it stores the maximum amount of hydrogen, but at the same time it should
not increase the overall weight of the vehicle, which affects the maximum speed and efficiency.
In Blake’s study (2006) study, mild steel tanks were used to store hydrogen at a pressure of 50200 bar and the fuel cell took oxygen while it was running. The sizes of the electrolyzer, fuel
cell, and storage tanks were set based on the set of operating rules that were employed [23].
Hydrogen is one of the interesting and helpful fuels in the future, as it decreases
greenhouse emissions and also reduces global warming. The production of hydrogen is
challenging. One good source for producing hydrogen is using the electricity produced from
wind energy [24]. As wind speeds are not the same in all instances, fluctuations in the grid can
be expected. The other detraction is when there is good electricity generation from wind but
there is no power grid near the wind [24]. Many strategies have been proposed for the operation
of a grid-connected wind farm. The operation method of a standalone wind farm has not been
studied sufficiently so far. There are many places with good wind conditions but without a
connectable grid, where stand-alone wind farms can be very attractive [24]. Hydrogen is
produced on wind farms when there is an excess amount of electricity produced so that it can be
used for ESS, fuel cells in PHEVs [25]. Currently, wind farms are used to generate electricity,
and when the threshold is reached, the excess energy is used in generating hydrogen. When the
grid becomes congested, the fuel cell converts the chemical energy to hydrogen into electrical
energy, thereby balancing the grid. [23-25]. The possibility of a wind-hydrogen conversion and
regeneration system should be seriously taken into account to optimize the electricity production
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along with increasing the storage of hydrogen. The whole process involves electrolysis and the
finite capacity of hydrogen to be stored at certain pressure so it can be distributed and sold [25].
Hydrogen and fuel cells serve a key role in maintaining the clean energy environment.
Hydrogen can be produced from many options, and fuel cells can efficiently generate energy
from a number of fuels, including biogas, natural gas, methanol, diesel, and hydrogen [26].
Hydrogen must be feasible in terms of cost, access, and safety. The Department of Energy
(DOE) has a Fuel Cell Technologies program and is taking an interest in how to produce and
store the hydrogen so it can be used for fuel cells. The cost they have set is $2-4/kg, which must
include the compression, storage, and dispensing of distributed technologies; the cost of the
delivery is included in central production. The present cost of hydrogen is ranging from $7/kg
when it is produced at a central location; the other option is to produce it at the point of usage,
generated by electrolysis or steam generation from methanol. Other options are being seriously
considered to bring down the cost and increase the productivity. The program is looking at
several options to store adequate amounts of hydrogen onboard fuel cell vehicles. In the short
term, compressed gas storage is the cheapest option; however, the cost of the tank still needs to
be reduced. In the long term, hydrogen will be stored using materials such as chemical hydrides,
metal hydrides, or sorbents [26].
Hydrogen production can provide a solution from a wind farm where the electricity is not
connected to a grid. It helps provide some solutions to the serious problems mentioned earlier.
This can be done only in a place where there is enough electricity generation from the wind farm,
such as where wind can contribute significantly to electricity generation [24]. There has been
little research about a hydrogen production system in a wind farm that is not connected to an
electric grid but has a single generator connected to a battery [24]. Hydrogen production using a

21

hydrogen generator and multiple generators is always considered to be a bonus. The hydrogen
production system has a hydrogen generator and multiple wind generators in parallel supply to
the total power to the hydrogen generator. Therefore, this system can be operated without a
battery, producing hydrogen gas consistently [24]. On the other hand, some research has been
reported in which multiple wind generators are connected in parallel through power converters,
but the DC distribution grid with various types of power sources, including wind generators, is
being considered. There are few reports in which the system is composed of only wind
generators connected in parallel [24].

2.6 Utility Factor

PHEVs can help the environment to a great extent by decreasing greenhouse gas
emissions and fossil fuel consumption. It also helps reduce the vehicle fueling costs by using the
grid electricity to reduce the usage of transportation fuels [27]. To get a clear picture about the
practical usage of PHEV in real world conditions, the electrical energy consumption and gasoline
energy consumption should be weighed [13]. Thomas’s study (2006), says, “Characterizing the
performance of PHEVs requires quantifying the performance of the vehicle in CD and CS
modes, and requires a means for understanding how often each mode is used in normal driving”
[13].
Until the batteries drain out, the vehicle is made to drive in the CD mode; when the
batteries are depleted, the vehicle is made to switch to the CS mode. The energy in the CD mode
for a PHEV comes from the grid electricity in the electrochemical storage batteries. In CS mode,
the energy comes from the liquid fuel and the electric energy is assumed to be zero [13, 27].
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To determine the overall efficiency of the PHEV, the amount of operation between the
CD and CS modes must be determined. To distribute the power weight between the CD and CS
modes in a drive cycle, the term the “utility factor” (UF) is outlined in the SAE J2841 standard,
which was developed from data from the 2001 National Highway Transportation Survey (NHTS)
[27]. In Duoba (2012), the PHEV is run in the laboratory numerous times to understand the CS
mode, and then the cycle is added in series according to the particular utility each test possesses.
Many short trips can be seen in day-to-day operation, so these have to be given more importance
than the longer distances [28]. This weighing is called the utility factor and can be found in SAE
J2841. See equation 1.
The utility factor is formulated as
𝑈𝐹 (𝑅𝐶𝐷 ) =

∑𝑁
𝐾=1 𝑚𝑖𝑛(𝑑(𝑘),𝑅𝐶𝐷 )
∑𝑁
𝐾=1 𝑑(𝑘)

Equation 1

Where RCD is the range of charge depletion, d(k) is the distance travelled in a single day and N is
the number of days. If the d(k) is greater than RCD, then the utility factor is considered as unity.
The UF can be applied to the PHEV, where an additional source propels the vehicle, and
also to the BEV, which gets the energy from the battery. Fuel economy in the plug-in vehicles is
measured in terms of miles per gallon gasoline equivalent (mpgge). This fuel economy is the
measure of fuel consumption and electric consumption [7]. The UF method helps in
understanding the combination between fuel economy and the CD ranges for different
operational capabilities [29]. For a given UF, the PHEV has an advantage over the BEV because
the PHEV has the initial miles run in the CD mode, but it is completely battery run in the BEV.
The approach of the UF in the BEV is to calculate the total number of miles in a round trip in the
daily range divided by the number of miles in the particular data set. If they fall in the electric
range, then the number of miles is subtracted from the existing range and then the number of
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miles in the second round trip is calculated for the same comparison. The number of miles that
exceed the range cannot be taken as electric. The DOE is trying to expand the UF to 300.
Another important issue is the order of arranging the trips. The longer trips can be used first
where it helps in an increased EV mile fraction. The understanding behind this is that smaller
trips had a higher probability of fitting within the range as the day progressed. The difference
was very small when compared to testing with smaller trips first. Without the UF method, it
becomes unpredictable which vehicle saves the most fuel, considering different aspects (drive
cycles) when driven by a large number of households in United States.

CHAPTER 3
AUTONOMIE

3.1 Introduction

For every experiment, building hardware is difficult. The conventional models delay the
control system design in the automotive industry where hard and complicated iteration is
required [30]. This would suggest having a tool that can help in developing the model and then
using that model to simulate it. Particularly in the present day scenario, the competitiveness has
made vehicle simulation important [31]. Many of the simulation tools that are suitable for
simulation provide limited support for model building and management [30]. Due to different
qualities for modeling specific phenomena, many tools can be found in the present world in
many automotive companies, i.e., original equipment manufacturers (OEMs). The biggest
challenge they face is to integrate the models that are available to work in a single environment
to build an accurate model [32]. For a simulation, there is a library in which different models of
physical components are stored and can be reused, and most importantly, shared with the users
[30]. The simulation model set up includes writing down the equations and running them. As
there are a number of drivetrains with the introduction of BEVs, HEVs, and PHEVs, there are
more components diverging into many configurations in those drivetrains [31]. It is very tedious
to go through all the different configurations, so most of them go through the steady state model
[32]. There is good software that has different powertrain configurations which can produce
desired results that help reduce the time and cost, and most importantly make the configurations
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reusable. These points become real in practice when the design becomes complex and iterative
[30].
On a centralized framework it is very essential to have good modeling and simulation
tool that integrates models made of different environments and different languages and tools.
Currently, there are several software programs [32]. Simulink models are very easy to develop
and put into practice, but the drawback is a lack of simulating techniques for physical
interactions, resulting in simple plant models that do not help the development of control
systems. Hence, detailed models are required to evaluate the new technology. Better software is
needed along with Simulink for integration of a tool to validate the detailed model [32]. Simulink
software Autonomie supports assembly and use of models from design, to analysis, to
simulation.
General Motor (GM) and Argonne National Laboratory (ANL) collaborated four years
ago and came up with Autonomie, which supports rapid integration and analysis of powertrain or
propulsion systems. It also has technologies for supporting rapid integration and evaluation of
fuel economy improvement under dynamic or transient testing conditions [32] . It supports the
assembly and use of models from design to analysis, including simulation with complete plug
and play capabilities. Plug and play architecture supports the use of modeling and simulation for
math-based automotive control design [30]. In Halbach’s study examined GUI and simulation,
“Models in the standard format create building blocks, which are assembled at runtime into a
simulation model of a vehicle, system, subsystem, or component to simulate. All parts of the
graphical user interface (GUI) are designed” to be flexible to support architectures, systems,
components, and processes not yet envisioned [30]. Tested models and processes are culminated
in the model library to aid the full range simulation and analysis tasks.
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3.2 Modeling

A standardized modeling architecture is required to ensure the data are exchanged from
one user to another user and to work collectively among different models. The common
terminology, hierarchy of the model, various definition models, initialization, post processing
files, and common XML files are used to control the modeling architecture. A run file in XML
format is provided by the GUI, which instructs the modeling feature to construct a Simulink
model diagram that contains all the information the user provides. The configuration information
contains the positioning and interconnection of the systems. Layout files describe the translation
relative to absolute position and other systems that add to the connection routing and contribute
to the overall style. There are three kinds of layout files: static layout files, dynamic layout files,
and abstract dynamic layout files. Static layout files have direct translation of the style of the
Simulink model into XML Argonne Model Description Specifications (XAMDS) and cannot be
used across other systems. Dynamic layout files have XAMDS elements that are resolved at a
build time and have greater flexibility; many different systems of a given category can access
them in a given category. Abstract dynamic layout files, structure is determined at build time, has
the most flexibility, and can be used across many different categories of systems [32].
Each software has its own configuration that shows the list of sub systems and how they
are connected. The configuration must be determined for each specific case. The GT-Power
engine, which deals with the throttle command from the driver, has a specific configuration for
the engine system. Another example is AMESim, which is a transmission model that takes the
torque converter and gearbox and requires a shifting controller and a plant. Commands between
the gear shifts and the torque converter locking are expected from the controller. The differential,
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wheels, and chassis model are taken care of by the CarSiminto one plant model which sum up
the vehicle dynamics. Figure 8 shows the configuration that was used for the systems under
consideration; it is based on separate controller and plant models [32].

Figure 7. Autonomie vehicle with engine, transmission and vehicle dynamics.
According to Halbach’s study, “Autonomie has chosen XML because of flexibility and as
a language it is designed to create domain and application-specific sublanguages and to pass
information easily between software” [30]. Plug-and-play capability can be achieved with the
help of XML files, which provide all the necessary information. A GUI is necessary to control
the different files for accessing them. A user can access files along with integrated compatibility
by the Autonomie GUI, which combines a central database to provide common offline model
storage and file version [30].
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3.3 Vehicle Architecture

The vehicle architecture is locally sub divided into containing systems and terminating
systems. A hierarchy is set between these two systems. The containing system has one or more
subsystems under it, which might even need files to define the system. The system is defined as
the interconnections between the systems and subsystems. The terminating system defines the
behavior of the system and files required for calculations and outputs [30]. The relative positions
and connections between subsystems and systems are contained in an architecture descriptive file
called a configuration file. This file is in XML format, where no restrictions are imposed on the
layout. A proper organization is required to standardize layouts where its maximum reusability
can be seen in both universities and organizations [30].

Figure 8.Vehicle propulsion architecture

3.3.1 System Definition

Many files are required to define a system. They are basically sub divided into three files:
initialization, preprocessing, and post processing files. Initialization and preprocessing files are
used to evaluate input data, and they are a set of numbers. The model is initialized by the
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preprocessing files, which have a set of equations that help determine an output of a final value.
The end of simulation is done by the post processor where the results can be used for future
analysis, but it cannot be used as input data for other files [30].

Figure 9. Motor with example definition files selected
3.4 Simulink Building

The model files created for the terminating systems need to be combined in a way that
allows simulation in Simulink. There are different ways to do this. One way is to save a vehicle
as an independent separate model file by creating every possible combination. The large number
of combinations makes this option is infeasible. One important consideration is there are a
number of components, and due to the different level of support and model versions of each
component, model versions of each component should not be changed because the slightest
changes in the component model will result in a completely new version of the vehicle [30]. A
better way is to save every model in a library of the models. A second option is to save every
model in its own file and manage a library of the models. Appropriate models from a library can
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be connected by hand when a new vehicle is created, but it raises the possibility of error.
Manually connecting the models gives many chances of input/output (I/O) errors [30].
Autonomie uses a novel approach that combines the second option with an automated
building process. This approach comes up with a solution of saving by versioning the models
independently and eliminating things to connect manually. The automatic building uses data
associated with the models and creates connections between them, also providing other
necessary functions that include compatibility checks and file selections [30]. There are other
advantages to using an automated build system. A model is not available because of automated
code generation, which causes some restrictions. Default models cannot be a new format because
of time or budget problems. Automated building places blocks before and after for certain
conversions (name, unit or data type). Using an XML file describing the model, a legacy code
with the number of I/O, units, and data type can be easily reused without major modifications in
Autonomie. (see Figure 11)
Vijayagopal 2010 explains that the Autonomie is used along with an optimization
algorithm developed by MathWorks mid-size passenger car is used for simulation purposes. The
impact of battery size over the emissions and its impact economically on the vehicle cost were
studied. The specifications of the engine, battery, motor, and generator were considered, as
shown in Table 1 [33].
To be completely focused on the battery size, the other components in the drivetrain were
left unaltered. The gasoline cost spent on a vehicle was considered to be savings in a PHEV, and
the battery cost was considered as an investment. An article on vehicle sustainability and travel
mileage schedules published by National Highway Traffic Safety Administration (NHTSA)
made many assumptions because the operating cost and investments were very specific from one
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vehicle [33]. The vehicle assumptions were taken by comparing a series PHEV to a mid-size
sedan, which gives 30 mpg where a gallon costs $3.24. The assumption taken from NHTSA is
that a vehicle can travel 240,000 km during its life time. Battery cost assumptions involved two
objectives: short term and long term. The battery capacity assumption involved in the battery life
was more than required at the beginning to ensure that it could operate well, as per the rating, in
the ending stages until the end of life of the battery. The degradation is considered to be linear,
which is seen after the end of the life of the battery. The battery life is generally 15 years; it can
still store energy beyond that, but the degradation affects the fuel consumption [33].

Figure 10. Autonomie model PHEV model.
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Table 1. PHEV Specifications

Simulations give the results by using the real world cycles of a PHEV for calculating the
fuel and electrical energy consumption. Later on, the PHEV and the conventional vehicle were
compared for gasoline consumption, battery size, and electrical management strategy, which are
driven by real world cycles. This helps achieve the optimum battery size and electrical
management strategy, which saves gasoline per day and has better battery utilization. The above
analysis was evenly spread over the entire vehicle [33].
The Simulink has the model of the series FC PHEV power train taken from the
autonomie. It shows different kinds of operations at different stages of the simulation. Power
calculation, fuel rate calculation, fuel storage device, and accessories. It has many process going
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inside which gives output as per the drive cycle set and the input parameters set( see Figure 11).

Figure 11. Simulink FC PHEV model in Autonomie

CHAPTER 4
RESULTS

Different values of fuel economy for a series FCPHEV were found using the parametric
analysis by changing variables like temperature, relative humidity, fuel cell size, and battery
capacity.
The locations considered are based on the typical weather conditions that can be seen
across the world New York, Phoenix, London, and Chennai. The raw data for the experimental
analysis were the temperature, relative humidity, and pressure. The data were collected from
AccuWeather.com for both summer and winter seasons. Table 2 depicts summer data for four
locations and the fuel economy for a series FCPHEV.
Table 2
Fuel Economy Variations for Different Conditions at Different Locations in Summer
Location
New York
Phoenix
London
Chennai

Temperature
(ºC)
24
32
19
34

Relative humidity
(%)
67
26
59
62

Pressure
(Pa)
101,287
101,829
101,000
100,914

Fuel economy
(mpgge)
61.99
62.40
61.76
62.93

Table 3 shows the data for winter and the fuel economy of a series FCPHEV.
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Table 3
Fuel Economy Variations for Different Conditions at Different Locations in Winter
Location
Temperature Relative humidity
Pressure
Fuel economy
(ºC)
(%)
(Pa)
(mpgge)
New York
1
66.33
101,524
59.95
Phoenix
12.16
53.67
102,404
67.94
London
7
77.5
101,500
60.91
Chennai
25
38
101,340
62.08
Fuel economies in the summer tended to be higher in all of the locations except Phoenix.
Fuel economy variation was 3% higher in New York in the summer than in the winter. Phoenix
surprisingly had high fuel economy in the winter because of the temperature and relative humidity
factors.
To find out the fuel economy under different conditions, the temperature was varied first by
keeping the relative humidity constant. The relative humidity value is the average of all the
locations. This experimental analysis was done for both seasons. The pressure variation was ignored
because the pressure did not vary much.
The temperature in summer varied from 15ºC -35ºC in the interval of 5ºC. The relative
humidity was kept constant at 55.91%, the pressure was kept constant as 101,257Pa. The fuel
economy varied from 61.44 for 15ºC to 62.92 for 35ºC. The winter fuel economy variation could be
seen when the temperatures varied from 0ºC -25ºC in the interval of 5ºC. The relative humidity was
kept constant at 58.875%, and the pressure was kept as 101,692Pa. The variation of fuel economy
could be seen varying from 59.75 for 0ºC to 62.05 for 25ºC. The values chosen are the average
values of the relative humidity and pressure of the locations in their respective seasons.
Figure 12 shows the variation between summer and winter. Fuel economies are higher in the
summer than the winter.
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Figure 12. Fuel economy versus temperature for summer and winter for a FC PHEV
After varying the temperatures, the next experimental analysis was to vary the fuel cell sizes
of the vehicle. Four different fuel cell sizes were considered based on commercially available fuel
cells (ref: Hydrogenics and Ballard). The variation of fuel economy was almost linear (see Table 4).
The tabular column and the plot show different combinations of fuel cells that were taken.

Table 4
Fuel Economy for Different Combinations of Fuel Cell Mass and Power Rating
for a FC PHEV and FC HEV
Associated Mass
(kg)
147
73.5
53.5
34
17

Power
(kW)
66
33
54
42
21

The plot corresponds to fuel economies of an FC PHEV and FC HEV for different fuel
cell combinations specified in Table 4. The results have been plotted in Figure 13, which
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provides the relationship between fuel economy and maximum rated fuel cell power. The two
trends in the graph are used to compare the fuel economies of an FC PHEV and FC HEV with
the same fuel cell sizes. The X-axis in the plot is the maximum fuel cell rated power, whereas the
Y-axis shows the fuel economy. For an FC PHEV, it can be understood that the fuel cell
combination with the lowest maximum rated power has the highest fuel economy, whereas the
fuel cell with the highest maximum rated power has the lowest fuel economy. Fuel economy is
highest for low maximum rated FC power because the ESS capacity is too large and FC HEV
has its highest peak at 21 kW.

COMBINED FUEL ECONOMY (MPGGE)
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Figure 13. Fuel economy versus various fuel cell rated power capacities between FCPHEV and
FC HEV
The decrease in fuel economy for the lowest FC power is because, according to the FC rated
power versus efficiency curve shown in Figure 6, when operated at 50-60% of its maximum power
the FC will lead to an optimum efficiency point. In the FC HEV, the fuel cell capacity is large and
the ESS capacity is small. For 21 kW, the peak power will be toward the left toward the peak. For
33 kW, the peak will be right at the maximum efficiency point that gives the required power all the
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time, which yields in giving the best fuel economy when compared to all the other combinations
considered. The results of FC HEV fuel cell efficiency
in simulation for HWFET cycles are shown in Table 5.
This is the reason the fuel economy for the FC HEV is low, at the fuel economy of 33
kW, even though it operates at its peak for most of the time. Low fuel cell combinations do not
operate at the peak because of the oversized fuel cell sizes, i.e., the last two fuel cell
combinations do not work well because of their low efficiency.
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Figure 14. Efficiency vs. FC power out between HWFET and UDDS cycles for a series FC HEV
Table 5
Maximum FC Power vs. Fuel Efficiency of a HWFET Cycle for a Series FC HEV
Max FC power
(kW)
21

Fuel efficiency FC HEV
HWFET cycle (%)
48.4

33

50.3

42
54

50
49.1

66

48.1
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Figure 15 shows that for the fuel cell of 21 kW, the most commonly commanded power is
21 kW, which works beyond the optimum efficiency range. For a 33 kW fuel cell (Figure 16), the
most commonly commanded power and the average power of HWFET are same, which was 15 kW
and operated at the maximum efficiency range. Viewing the 42 kW, fuel cell (Figure 17), the most
common power was almost the same as the 33 kW, but the power extraction was just below the
optimum efficiency range. Finally, 54 kW (Figure 18) and 66 kW (Figure 19) fuel cell power
extracted very low, i.e., 25% of the maximum rated fuel cell power and far away from the optimum
efficiency range. This means that instead of going to the fuel cell having high maximum power and
weight, it is better to opt for a fuel cell that is just required to work at its efficiency for its most
commonly commanded power. From Figure 15 to Figure 19 it can be understood that the average
power of 21 kW FC is operated at 58%, whereas the average power of 33 kW is operated at 56%.
The most commonly commanded power of 33 kW is operated at higher efficiencies. The 33 kW –
66 kW yielded lower FC efficiencies due to decreasing utilization of the FC.

Figure 15. Fuel cell efficiency vs. power indicating most common commanded power for a FC
PHEV of 21 kW
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Figure 16. Fuel cell efficiency vs. power indicating most common commanded power for a FC
PHEV of 33 kW

Figure 17. Fuel cell efficiency vs. power indicating most common commanded power for a FC
PHEV of 42 kW
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Figure 18. Fuel cell efficiency vs. power indicating most common commanded power for a FC
PHEV of 54 kW

Figure 19. Fuel cell efficiency vs. power indicating most common commanded power for a FC
PHEV of 66 kW
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Figure 20. Fuel cell efficiency vs. power indicating most common commanded power in both
HWFET and UDDS cycles for a FC HEV of 21 kW FC
From Figure 20 to Figure 24 the following conclusions have been made. The average
efficiency of the 21 kW FC is lower for both driving cycles compared to a 33 kW fuel cell due to
the operational characteristics of the FC, mainly at either the full power or OFF. The HWFET
most commanded power (14 kW) and average power (13.3 kW) are relatively close resulting in
an operating efficiency of 59 % and 60 % respectively. The average FC efficiency in UDDS
cycle is 54%, which is a 5.2% increase in efficiency over the 21 kW FC. The effect from the
increased efficiency on the combined fuel economy is compounded, as 55% of the driving is
considered to be at street level city speeds. For the FC from 33 kW – 66 kW, the decreased fuel
economy trend corresponds to decreasing FC efficiencies due to decreasing utilization of the FC.
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Figure 21. Fuel cell efficiency vs. power indicating most common commanded power in both
HWFET and UDDS cycles for a FC HEV of 33 kW FC

Figure 22. Fuel cell efficiency vs. power indicating most common commanded power in both
HWFET and UDDS cycles for a FC HEV of 42 kW of FC
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Figure 23. Fuel cell efficiency vs. power indicating most common commanded power in both
HWFET and UDDS cycles for a FC HEV of 54 kW FC

Figure 24. Fuel cell efficiency vs. power indicating most common commanded power in both
HWFET and UDDS cycles for a FC HEV of 66 kW FC
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The next variation was done by taking the lowest fuel cell weight power combination, 17
kg 21 kW. The ESS capacity of the vehicle was changed from 4.4 kWh to 17.6 kWh. The
variation of the fuel economy is shown in the Table 5.
Figure 25 shows the trend when the battery capacities of the fuel cell are changed.
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Figure 25. Fuel economy vs ESS capacity of FC PHEV
The fuel economy increased from 58.13 MPPGE to 95.94 MPPGE when the ESS capaity
was increased from 4.4 kWh to 17.6 kWh. It can be understood that there was a 40% increase in
the fuel economy when therre was a rise of 400% inthe ESS capacity. Fuel economy changed by
0.1% when the ESS capacity was increased by 1%. But at the same time deciding what ESS
capacity by taking weight into consideraton is also important because too much weight also affets
the fuel economy, so the best combination has to be chosen.

CHAPTER 5
CONCLUSIONS

A series plug-in hybrid electric vehicle was modeled and simulated in Autonomie to
study the variations in fuel economy under different conditions. The parameters considered were
the temperature, rated fuel cell power, and battery capacity. The temperature was varied from 1535C in summer to0-25C in winter. Five different combinations of rated fuel cell power were
tested, which were taken from Hydrogenics and Ballard. The battery capacity was varied from
4.404 kWh to 17.616 kWh. Under each condition, the variation of the fuel economy was studied.
The fuel economy in the summer was higher than in the winter. The fuel economy
increased from 61.44 MPGGE to 62.92 MPPGE in the summer. There was a 2.4% increase in
fuel economy. In the winter, the fuel economy increased from 59.75 MPGGE to 62.03 MPPGE.
The percentage rise of fuel economy was 3.8. Comparing the fuel economy rise per change in
temperature, winter had a slightly bigger effect than in summer. Fuel economy was higher in the
summer rather than in the winter. When the FC size decreased, the fuel economy increased in the
FC PHEV, where the 21 kW FC had the highest fuel economy of 71.6 MPPGE. There was a
9.6% increase in fuel economy from 21 kW to 66 kW. The FC of 21 kW had an average
efficiency that was higher than the others. The trend between the fuel economy and the FC size
was linear. The drive cycle that was used here in SAE J1711 was a combination of UDDS and
HWFET. The fuel economy in FC HEV was found to be highest at 33 kW. There was a 10.6%
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increase in UDDS efficiency from 21 kW to 33 kW. The fuel economy of the vehicle was found
to be increased by 4.5%. The fuel economy was highest
for 33 kW FC because the average powers and most commonly commanded powers were called
at higher efficiencies. The FC size had a higher impact on the FC PHEV over FC HEV in the
case of fuel economy. The decreasing trend is because of decreasing utilization of the FC. The
ESS capacity had a positive impact on the fuel economy. The fuel economy of the vehicle was
found to be decreased by 0.04% for every 1% increase in FC size. The fuel economy changed
from 58.13 MPPGE to 95.94 MPPGE where the ESS capacity was increased from 4.4 kWh to
17.6 kWh. From the results, it can be understood that for every 1% increase in ESS capacity, the
fuel economy increased by 0.1%.

5.1 Future Work

In the conclusions it was evident that the fuel cell and ESS capacity can have a positive
impact on the fuel economy. There is a very clear possibility that this research can be expanded
to find the optimum size of fuel cell size and ESS combination so fuel economy can be
increased. The cost analysis can also be found, keeping the consumer point of view so that not
only optimization but also the cost should not go high. The other expansion of this thesis might
be for the EREV to operate only in an all-electric mode in the CD range. The ESS life can be
improved by saving the SOC by using power management strategies so the range can be
increased.
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